This report presents possible loopholes in heavy Z searches which are concentrated around high mass resonances. We present a scenario where massive neutral vector boson Z , predicted by E6-inspired U (1) models, can become leptophobic due to kinetic mixing between Z − Z . Such a scenario can avoid high-mass dilepton resonance searches. Furthermore, we propose a channel through supersymmetric cascade decays to observe leptophobic Z . We show that it is possible to reach up to 8σ at √ s = 14 TeV and 3 ab −1 integrated luminosity. This report follows the steps of the work that has been conducted in ref. [1] .
Introduction
Heavy neutral gauge boson, Z , can be obtained by extending the Standard Model (SM) gauge structure with a U (1) gauge group. Such models have been widely studied under Grand Unified scheme [2] . Similarly, under supersymmetric realisations, Z can emerge from U (1) extended minimal supersymmetric extension of the SM (UMSSM). It can also be achieved in so-called Sequential Standard Model (SSM) where Z , and W , bosons have same couplings to fermions as their SM counterparts.
Search for heavy neutral vector bosons in LHC has been extensively studied by experimental collaborations due to its relatively familiar resonance signature [3] [4] [5] [6] [7] [8] . These searches set the mass bound for the Z assuming that it can only decay through the SM particles. These studies focus on high-mass dilepton or dijet resonances. In case of the dijet resonance studies at √ s = 13 TeV, ATLAS collaboration [6] presented the Z mass bounds around 2.1 − 2.9 TeV for 37 fb −1 integrated luminosity and CMS collaboration [4] around 2.7 TeV for 12.9 fb −1 . In case of dilepton resonance studies, ATLAS collaboration presented the mass bounds at 3.8 − 4.1 TeV for 36.1 fb −1 [3] and CMS collaboration presented at 3.5 TeV for 13 fb −1 integrated luminosity 1 . We investigate possible loopholes within the specific scenarios to lower these mass limits and also propose a leptophobic framework for Z to search for a possible signal through supersymmetric decay channels in HL-& HE-LHC.
The rest of this report is organised as follows; in Sec. 2, we introduced the theoretical properties of UMSSM and discussed current mass bounds on Z at the time when this study conducted. In the following Sec. 3, we discussed possible supersymmetric signatures to observe a leptophobic Z in HL-& HE-LHC and finally we conclude in Sec. 4.
Theoretical framework and Z mass bounds
Within a possible minimal representation in supersymmetry (SUSY), Z bosons can arise from the breaking of rank-6, E 6 group, which is greatly motivated by Grand Unified Theories. Among the various possible breaking schemes of E 6 exceptional group, so-called UMSSM framework being the U (1) extended MSSM, arises from the breaking through SO(10). The two-step breaking structure creates separate U (1) gauge groups [9] [10] [11] 
where these U (1)'s can mix via θ E6 angle and generate U (1) ,
Here SU (5) group further breaks into MSSM gauge structure. Alongside with such vector boson, extending MSSM framework with a U (1) gauge provides an anomaly free gauge structure. This can prevent the R-parity violating terms from the Lagrangian and eliminates short-lived proton possibility which occurs due to SU (5) breaking.
In E 6 , the matter sector of UMSSM arises from the breaking of 27-plet vector representation in to 16 ⊕ 10 ⊕ 1 where 16 further decomposes to the matter fields, 10 to electroweak Higgs fields and exotic quarks and singlet, 1, becomes U (1) singlet superfield, S. In addition to the MSSM's large particle content, UMSSM accommodates extended slepton, sneutrino and squark sector up to 6 supersymmetric particles in each family. Also, breaking SO(10)'s 16-plet vector representation provides a right-handed neutrino superfield which generates righthanded neutrino and its supersymmetric partner in this framework. The Higgs sector is consists of two charged H ± and four neutral scalar bosons, which are a pseudoscalar A and three neutral scalars h, H and H where h and H are being MSSM-like Higgs. This spectrum also creates an extended gaugino sector with a total of six neutralinos where chargino sector remains unchanged.
At tree level, the squared mass of Z boson is given by which further leads to a heavy particle spectrum especially in the Higgs sector. Thus, requiring massive Z also causes massive particle spectrum, which can be tuned via corresponding softmasses.
The interaction Lagrangian of the fieldsB µ andẐ µ with the fermions are suppressed by their corresponding coupling and charge, g 1 Y i and g Q i respectively where i represents the corresponding fermionic field in the interaction, g 1 and g are U (1) Y and U (1) couplings respectively. The typical E 6 -inspired relation between U (1) Y and U (1) couplings are taken to be g /g 1 = 5/3. In ref. [1] , it has been shown that shifting this relation from GUT scale to Z -mass scale, and abandoning grand unification assumption, and adding the possibility to decay through supersymmetric particles, can reduce Z mass limit up to 300 GeV depending on θ E6 angle [12, 13] . Breaking SUSY sector in a higher scale generates enough room for U (1) coupling to grow via renormalisation group equations which leads to larger g and higher production amplitudes for Z . Thus, breaking SUSY in a lower energy scale limits the growth in g and reduces the production cross-section, which leads to relatively less stringent mass bounds for Z . In Fig. 1 we compared high-mass dilepton limit from ATLAS collaboration [3] to our results, sampling θ E6 at −0.79π (U (1) η ) and 0 (U (1) ψ ), where Z production has been calculated in next-to-leading order (NLO) precision. In both panels, the y-axis shows the production cross section with its branching fraction to dilepton final states where Z mass varied between 2 − 5 TeV within the bounds of narrow width approximation. Panels show the effect of different breaking scales where for the left panel g /g 1 relation is taken at GUT scale, and in the right panel, it downgraded to Z mass scale. The dashed line shows the case where Z is only allowed to decay into the SM particles (USM), and the dotted line shows the case with SUSY particles added (UMSSM). The error bars represent the theoretical uncertainties, scale and parton distribution function (PDF) uncertainties added in quadrature. The calculation has been performed via MadGraph [14] . The left panel of Fig. 1 reveals that, when the relation between couplings are assumed to be taken at GUT scale, the addition of supersymmetric partners to the possible decay channels improves the mass limits around 20% and reduces it up to 4 TeV. Moving this relation to a lower scale in the right panel reduces the mass limits up to 3.8 TeV, where still preserving the difference between USM and UMSSM.
Although reducing production amplitudes and adding supersymmetric particles as possible decay channels create a considerable deviation from the current bounds, it is also possible to propose an altogether leptophobic Z to avoid the bounds coming from Drell-Yan modes. Leptophobic Z can be achieved by mixing U (1) Y and U (1) gauge fields. The mixing can be delivered in two folds. First, there can be mixing between Z and Z mass eigenstates. This, however, is constrained by electroweak precision tests to be at the O(10 −3 ) [15] . Secondly, a kinematical mixing between Z and Z can be introduced through an angle χ, whereB µν andẐ µν are the U (1) Y and U (1) boson field strength tensors respectively. This mixing further modifies the interaction vertices between Z and other fermions. The interaction term can be written in terms of canonical (diagonal) kinetic terms, Z µ , as,
where ψ i is corresponding fermionic field and Y i and Q i being their U (1) Y and U (1) charges. For simplicity, we limited the Lagrangian with the Z portion. The term in the paranthesis can be represented as modified U (1) charge,Q i . To end up with a leptophobic Z ,Q i needs to be zero for left and right lepton superfields [16] . As shown in [1] , left and right leptonic superfield charges can be set to zero,Q L =Q E = 0, only around θ E6 = (n − 0.79)π for n = 0, 1, 2 . . . ,
which requires sin χ ∼ = (−1) n+1 0.3, assuming g /g 1 = 5/3 ratio is satisfied at Z mass scale. Such leptophobic Z can only be bounded via high-mass dijet searches. It has been shown, in ref. [4] , that these bounds are much weaker compared to Drell-Yan signature. In Fig. 2 we performed a similar comparison as above where this time the leptophobic Z mass varied to compare with CMS collaboration's dijet limits [4] . In order to zoom into the respectively low mass region, we varied Z mass between 1−3.5 TeV and plotted against the multiplication of its production cross section, branching ratio to dijet final states and the acceptance rate stated in ref. [4] . Again, the dashed line assumes that Z can only decay to the SM particles (USM) and dotted line includes its possible decay channels to SUSY particles as well (UMSSM). In addition to the theoretical uncertainties, the error bars also shows the variation in the total decay rate to dijet final states. Such construction reduces the Z mass limits to 1.6 TeV and creates a considerably large deviation between USM and UMSSM depending on the dijet branching fraction. 
Leptophobic Z in HL-& HE-LHC
A leptophobic Z can still be observed through leptonic final states, but instead of direct decays, leptons can be produced through a cascade decay of supersymmetric particles. In Fig. 3 , we proposed a possible scenario where two charginos are pair produced via on-shell Z and they further decay into missing energy and dileptons through W . Such scenario might generate its background through heavy Higgs production and their decay to charginos. However, we observed that the branching fraction of such decay is negligible compared to heavy Z boson's decay rate. Also, neutralino pair production or chargino-neutralino associative production through Z has been observed to have small branching fraction compared to chargino pair production. To test this hypothesis, we choose two UMSSM benchmarks to study possible observability of such leptophobic scenarios. Following ref. [1] , we chose two benchmarks using Eq. (1), where for BM I n chosen to be 0 and for BM II n chosen to be 1. A conservative, 2.5 TeV Z mass has been chosen for both benchmarks where other parameters are shown in Table 1 . The particle mass spectrum has been calculated in SARAH [18] Fig. 3 . Choosen analysis signal where Z production and its decay through two lightest charginos. The figure has been produced with the help of the JaxoDraw package [17] .
interfaced with SPheno [19, 20] . The particle masses and decay tables can be found in ref. [1] which are not quoted here. The Z branching ratio to chargino pairs are about 2% (6%) for BM I (BM II). To ensure 100% branching ratio of chargino to LSP, the mass splitting between two particles are chosen to be slightly larger than W mass. The amplitudes of the process are computed at NLO precision for a centreof-mass energy √ s = 14 TeV, using MadGraph5 amc@NLO [14] with the NLO set of NNPDF 2.3 parton densities. The production cross section of Z calculated as 120 fb. Prepared matrix-level events are hadronized and showered in Pythia 8 [21] and the detector response has been simulated in Delphes [22] using the Snowmass parametrization [23, 24] . The jets are clustered using Fast-Jet program [25] with antikT algorithm using R = 0.6.
For the preselection, jets (leptons) are required to have minimum 40 (20) GeV transverse momentum and |η| < 2.4 (1.5). Leptons within ∆R < 0.4 to a hard jet are omitted. Only two muons are allowed in the final state with 15% hadronic activity within a cone radius R = 4 and the angular separation in the transverse plane between two leptons are required to be greater than 2.5. To isolate the dilepton final state, all jets are vetoed. The leading and secondleading leptons are required to have at least 300 GeV and 200 GeV transverse momentum respectively. Finally, the missing transverse energy has been required to be greater than 100 GeV. We calculated the significance of the signal over the background using two different approaches. One being standard s = S/ B + σ 2 B and other begin Asimov significance [26] given as;
, where S being the number of signal events, B number of the background events and σ B is the uncertainty over the background. For 10% systematic uncertainty on the background, we calculated s = 4.2σ, Z A = (3.5 ± 0.9)σ for BM I and s = 8.14σ, Z A = (6.06 ± 1.18)σ for BM II at 3 ab −1 . The details of the analysis alongside with the differential distributions can be found in ref. [1] .
It is possible to project these results into higher energies with different luminosity values to estimate the effect of HL-& HE-LHC. In Fig. 4 , we calculated Z production cross section at √ s = 27 TeV with its mass varying between 1.5 − 4 TeV. Using a naive assumption that all the kinematic structure and cut efficiencies will propagate in the same way, we projected our results to 3 ab −1 and 15 ab −1 and presented them with various systematic uncertainties on the background from 10% to 30% where the error bars showing the theoretical uncertainties. Our results shows that 5σ significance can be reached using standard (Z A ) significance for a Z at 3.5 (3.2) TeV assuming 30% systematic uncertainty and 3 ab −1 integrated luminosity. We showed that, due to the linear dependence of the systematic uncertainties to the luminosity, its effect increases with increasing luminosity. 
Conclusion
We investigate possible loopholes in E 6 -inspired UMSSM searches at LHC, specifically through Z production. We showed that the inclusion of supersymmetric particles could cause a 20% reduction in Z mass limits, and even those limits can be reduced further by changing the SUSY breaking scale. Throughout our analysis, we continually compared UMSSM with USM to emphasise the difference that inclusion of supersymmetric particles can create.
Furthermore, we examined the possibility of having a leptophobic Z by adding kinetic mixing between Z − Z to avoid high-mass leptonic resonance searches. We showed that the bounds from dijet resonances are considerably small and allows a light Z up to 1.6 TeV. To back up such claim, we proposed a supersymmetry driven channel to observe such leptophobic Z . We showed that it is possible to reach 8σ sensitivity at 14 TeV centre-of-mass energy with 3 ab −1 integrated luminosity using chargino production through Z where charginos further decayed into two leptons and missing energy.
Assuming all cut efficiencies and kinematic structures will be preserved, we extrapolated our results to higher energies and luminosities. We showed the observable mass range for Z up to 5σ sensitivity for 27 TeV centre-of-mass energy. All results are compared with different systematic uncertainties on the background and different luminosity values to address the importance of understanding the background as well as the signal itself. These results show that investigating such scenarios are both feasible and worthwhile at HL-& HE-LHC.
